Bacteriophage T4 rnh encodes an RNase H that removes ribopentamer primers from nascent DNA chains during synthesis by the T4 multienzyme replication system in vitro (H. C. Hollingsworth and N. G. Nossal, J. Biol. Chem. 266:1888-1897, 1991). This paper demonstrates that either T4 RNase HI or Escherichia coli DNA polymerase I (Pol I) is essential for phage replication. Wild-type T4 phage production was not diminished by the polA12 mutation, which disrupts coordination between the polymerase and the 5-to-3 nuclease activities of E. coli DNA Pol I, or by an interruption in the gene for E. coli RNase HI. Deleting the C-terminal amino acids 118 to 305 from T4 RNase H reduced phage production to 47% of that of wild-type T4 on a wild-type E. coli host, 10% on an isogenic host defective in RNase H, and less than 0.1% on a polA12 host. The T4 rnh(⌬118-305) mutant synthesized DNA at about half the rate of wild-type T4 in the polA12 host. More than 50% of pulse-labelled mutant DNA was in short chains characteristic of Okazaki fragments. Phage production was restored in the nonpermissive host by providing the T4 rnh gene on a plasmid. Thus, T4 RNase H was sufficient to sustain the high rate of T4 DNA synthesis, but E. coli RNase HI and the 5-to-3 exonuclease of Pol I could substitute to some extent for the T4 enzyme. However, replication was less accurate in the absence of the T4 RNase H, as judged by the increased frequency of acriflavine-resistant mutations after infection of a wild-type host with the T4 rnh(⌬118-305) mutant.
Bacteriophage T4 DNA replication is carried out by a multienzyme complex composed of phage-encoded proteins (reviewed in references 20 and 21) . The lagging strand of the DNA duplex is synthesized discontinuously, with each fragment initiated by an RNA pentamer (pppApCpNpNpN) made by the primase-helicase encoded by T4 genes 61 and 41. These RNA primers must be removed and the gaps must be repaired before the Okazaki fragments are ligated together. The genes for most of the T4 DNA replication proteins were identified in experiments of conditionally lethal phage mutants with phenotypes of arrested, delayed, or no DNA synthesis (1) . No genes encoding RNase H activities suitable for primer removal were found in these early studies.
In an effort to understand how the processing of Okazaki fragments is controlled during T4 DNA replication, we purified an RNase H activity from T4-infected cells (9) . We found that the size and N-terminal sequence of this protein match those of a previously identified open reading frame, designated orfA (5, 6) , and showed by cloning that orfA encodes a protein with RNase H activity. In vitro this T4 RNase H degrades the RNA strand in RNA-DNA hybrids, has 5Ј-to-3Ј nuclease activity on double-stranded DNA, and is able to remove primers from DNA chains made by the purified T4 replication complex. It does not degrade single-stranded RNA or DNA. To determine whether this enzyme is important for primer processing in vivo, we have now constructed and characterized a T4 mutant in which amino acids 118 to 305 at the C terminus of the RNase H protein have been deleted.
The fact that a T4 RNase H gene was not identified by extensive analysis of conditionally lethal mutants raised the possibility that T4 could use host enzymes to process its primers. In the uninfected E. coli host, primers on discontinuous fragments are 10 to 12 nucleotides in length. RNase HI, which does not hydrolyze the bond between RNA and DNA, has been shown to play a role in removing part of the longer primers but is not an essential enzyme. The 5Ј-to-3Ј exonuclease component of DNA polymerase I (Pol I) is essential and is more efficient than RNase HI at removing the RNA closest to the RNA-DNA junction (3, 24) . Like T4 RNase H, the Pol I 5Ј-to-3Ј exonuclease degrades both RNA-DNA hybrids and DNA duplexes, yielding short oligonucleotide products (13) . There is significant amino acid sequence similarity between T4 RNase H and the 5Ј-to-3Ј nuclease domains of bacterial polymerases. These prokaryotic nucleases are more distantly related to the RAD2 family of eukaryotic replication and repair nucleases (reviewed in reference 19) . In this paper we show that wild-type T4 is not dependent on host enzymes to remove replication primers; its phage production and DNA synthesis are similar in a wild-type host and in an isogenic host that has both an interruption in the RNase HI gene (rnh) and a mutation in DNA Pol I (polA12) that disrupts nick translation by the polymerase and the 5Ј-to-3Ј exonuclease activities of this enzyme. In contrast, T4 with a deletion within the rnh gene, which encodes T4 RNase H, is unable to form phage in this mutant host and accumulates short DNA pieces of the size of unligated Okazaki fragments. Phage production is restored by supplying T4 RNase H from the cloned gene on a plasmid.
MATERIALS AND METHODS
Construction of plasmids. pVC1109 contains the T4 rnh (RNase H) gene and 136 bp of adjacent DNA inserted into a vector containing the T7 promoter, the IS2 termination sequence, and an f1 origin (Fig. 1) ; pVC2001 (Table 1) was constructed from pVC1109 by deleting all but 9 bp of T4 DNA following rnh (9) .
pLH1001, which has a deletion of the 491 bases encoding RNase H amino acids 118 to 305, was constructed by digesting pVC1109 with HindIII and PflMI, filling in the HindIII 5Ј overhang and removing the PflMI 3Ј overhang with T4 DNA polymerase, and ligating with T4 DNA ligase (Fig. 1 ).
T4 phage with rnh(⌬118-305). E. coli MV1190 containing pLH1001 was grown in Luria-Bertani (LB) broth with ampicillin (35 g/ml) at 37ЊC to early log phase and then infected with T4D phage at a multiplicity of infection of 0.2. After 8 min at 37ЊC without aeration, the infected cells were diluted 50-fold in fresh broth and incubated for 75 min with aeration at 37ЊC. The infected cells were lysed with chloroform, and the phage was plated on a lawn of E. coli BL21(DE3)(plysS) containing pVC2001 (wild-type T4 RNase H), because of the possibility that the T4 RNase H gene would be essential. Plaques from phage with the deletion were identified by hybridization to a 5Ј 32 P-labelled DNA oligonucleotide (LH1, ATATGAATAAATTTTGCCACAGCTTTCAATTCAT) complementary to 34 bases at the new junction, as described by Ripley (26) . After the nitrocellulose filters were washed at 65ЊC, the oligonucleotide remained bound to only 3 of approximately 1,500 plaques. Positive plaques were extracted and grown in several rounds of infection on E. coli BL21(DE3)(plysS)(pVC2001). The phage DNA was then tested by dot blot analysis with 32 P-labelled LH1 under hybridization conditions in which no annealing to wild-type T4 was observed, followed by two 68ЊC washes. The single T4 rnh(⌬118-305) phage plaque was then plaque purified through several cycles of infection on E. coli BL21(DE3) (plysS)(pVC2001).
To distinguish the rnh(⌬118-305) phage from phage which had recombined with wild-type T4 RNase H during growth on hosts with the pVC2001 plasmid, dot blot analysis was performed with phage DNAs from several different plaques: first with LH1, which is complementary to the new junction at the point of the deletion, and then with N14 (ATATTCAGATTCAGTGAGAAGCACC), which is complementary to a sequence found inside the RNase H deletion. Phage with the deletion, which hybridized to LH1 but not to N14, were subsequently maintained only on hosts without plasmids encoding the wild-type gene to prevent further recombination. As indicated in Results, T4 with the deletion in rnh can form small plaques in the absence of the wild-type protein.
Phage DNA was isolated by the CTAB (hexadecyltrimethylammonium bromide) method (14) , and its size was reduced by digestion with NdeI, which does not cut within the rnh gene. The sequence of the predicted new junction in the deletion mutant was confirmed with Taq DNA polymerase (Perkin-Elmer) (27) .
RNase H activity. The degradation of the [ 3 H]poly(rA) strand of [ 3 H]poly (rA) ⅐ poly(dT) was assayed in a 10-l reaction mixture containing 40 mM Tris-HCl (pH 7.8), 10 mM dithiothreitol, 20 mM NaCl, 10 mM MgCl 2 , 0.5 mg of bovine serum albumin per ml, 200 pmol (nucleotide equivalents) of poly(dT) (Miles, Inc.), and 0.6 pmol of [ 3 H]poly(rA) (500 cpm/pmol; Amersham Corp.) annealed to poly(dT). After 20 min at 30ЊC, reactions were terminated by the addition of 40 l of salmon sperm DNA (2.5 mg/ml) and 50 l of 0.5 M perchloric acid. Tubes were chilled on ice for 10 min and centrifuged for 5 min in a microcentrifuge. Eighty-microliter aliquots of the supernatant were counted in a scintillation solution. A unit of activity was defined as 1 nmol of ribonucleotide hydrolyzed in 20 min at 30ЊC.
RNase H activity in T4-infected cells. E. coli MIC2003, an rnhA339::cat polA12 derivative of E. coli FB2 (12) ( Table 1) , was infected with wild-type T4 or rnh(⌬118-305) phage, and extracts of the infected cells and an uninfected control were prepared as described previously (9).
Phage production. The production of wild-type T4D and the rnh(⌬118-305) mutant phage was measured in a set of isogenic E. coli strains derived from AB1157, with mutations in the host rnhA (RNase HI) and/or polI (DNA Pol I) ( Table 1 ). Cells were grown at 32ЊC in LB broth until early log phase, moved to 43ЊC (the nonpermissive temperature for the polA12 mutation) for 15 min, and then infected at a multiplicity of infection of 0.5. After 10 min, infective centers were determined by plating on E. coli CR63. Total phage was measured at 30, 60, and 90 min, after lysis with chloroform.
The same procedure was used to measure the yield of T4 rnh(⌬118-305) phage in a nonpermissive host when wild-type T4 RNase H was supplied by a plasmid. In this case, E. coli MIC2003 (rnhA339::cat polA12) ( Table 1 ) was chosen as the host because it lacked an amber suppressor, and a plasmid encoding an amber mutation was evaluated simultaneously (not shown). This strain was transformed with pGP1-2, a plasmid that contains the gene for T7 RNA polymerase under the temperature-controlled lambda P L promoter (30) , as well as one of the following plasmids: pVC2001 (wild-type T4 rnh gene), pLH1001 [T4 rnh(⌬118-305)], or pVex11 (vector) ( Fig. 1 ; Table 1 ). The cells were grown at 32ЊC, shifted to 43ЊC for 15 min to induce production of T7 RNA polymerase and to disrupt the mutant polA12 DNA polymerase, and then infected with either T4D or T4 rnh(⌬118-305) as described above.
Phage DNA synthesis. Total DNA synthesis after infection was measured by a procedure modified from references 16 and 18. E. coli MIC1001, -1020, -1036, and -1044 (Table 1) were grown overnight in LB broth at 37ЊC, diluted 100-fold into M9 medium (17) supplemented with 5 g of thiamine per ml and 0.1 mg of each of the following amino acids per ml: L-threonine, L-leucine, L-proline, L-histidine, and L-arginine. The cultures were grown to 10 Ϫ8 cells per ml. The temperature was raised to 43ЊC for 15 min before infection with either T4D or FIG. 1. Plasmids encoding wild-type and rnh(⌬118-305) T4 RNase H. pVC1109 contains the T4 rnh (RNase H) gene and 136 bp of adjacent DNA (dsbA). pLH1001, which encodes a truncated T4 RNase H containing residues 1 to 117 followed by 8 residues from another frame (VAKFIHIL), was constructed from pVC1109 by removing the DNA between the HindIII and PflMI sites (see Materials and Methods). RI, EcoRI; Term, IS2 termination site. 
]thymidine (Dupont, New England Nuclear) was added to 10 Ci/ml and deoxyadenosine (Sigma) was added to 250 g/ml. Aliquots (20 l) were taken at the intervals shown in Fig. 2 and precipitated with trichloroacetic acid as previously described (23) .
Size of newly synthesized DNA. Nascent DNA was labelled by a modification of the method of Okazaki (25) . E. coli MIC2001 (wild type) and MIC2003 (rnhA339::cat polA12) were grown in LB broth at 32ЊC, shifted to 43ЊC for 15 min, and then infected with either T4D or T4 rnh(⌬118-305) at a multiplicity of infection of 10. Fifteen minutes later, [ 3 H]thymidine was added to 30 Ci/ml and deoxyadenosine was added to 250 g/ml. Synthesis was stopped after 30 s by addition of an equal volume of stop solution (75% ethanol, 21 mM sodium acetate [pH 5.3], 2 mM EDTA, 2% phenol). DNA and RNA were extracted by method II of Hinton (7) with 0.26 mg of lysozyme (Worthington) per ml to lyse the cells in the presence of 257 U of RNasin (Promega) per ml. After phenol extraction, the nucleic acids were precipitated with ethanol and separated by electrophoresis on alkaline 0.6% Sea Kem agarose gels as described previously (32) . The gels were run at 30 V for 20 h in 30 mM NaOH-2 mM EDTA, with 32 P-labelled HindIII fragments of lambda DNA for size markers. The positions of the size markers were determined by autoradiography. The remainder of each gel was dried on Whatman number 3 paper, which was then cut into squares (1 by 1 cm), which were counted by using Biofluor scintillation solution (Dupont, New England Nuclear).
Mutation frequency. The frequency of acriflavin-resistant T4 mutants in individual plaques of wild-type T4 and rnh(⌬118-305) was determined with 0.5 g of acriflavin per ml in the bottom agar and 0.2 g of acriflavin per ml in the top agar, as described previously (2) . Briefly, wild-type and mutant phage were titered on E. coli B. Individual plaques were suspended in 0.3 ml of LB broth and left overnight at 4ЊC to allow the phage to diffuse out of the agar, and the phage was then titered on E. coli B, with and without acriflavin in the agar.
RESULTS
T4 phage with a deletion within rnh. The T4 rnh gene encoding T4 RNase H, as well as 136 bp of the adjacent DNA, had been cloned under control of the T7 promoter in pVC1109 (9) (Fig. 1) . The DNA encoding the C-terminal amino acids 118 to 305 was removed as a HindIII-to-PflMI fragment, as described in Materials and Methods. The resulting plasmid, pLH1001, encodes a truncated T4 RNase H (⌬118-305) containing amino acids M-1 to A-117 followed by 8 residues from another reading frame (VAKFIHIL).
Phage growth is decreased by the rnh(⌬118-305) mutation. The truncated rnh gene was moved into T4 phage by homologous recombination between pLH1001 and wild-type T4 (see Materials and Methods). When T4 rnh(⌬118-305), which had been grown on a host with a plasmid encoding the wild-type gene, was plated on E. coli CR63, it produced a mixture of normal and very small plaques. During subsequent plaque purification on CR63, the progeny of the small and normal plaques retained the sizes of their parents. DNA from the small plaques hybridized to the junction oligonucleotide LH1 but not to a 25-bp oligonucleotide (N14) complementary to DNA within the deleted region. The new junction sequence was confirmed by sequencing the phage DNA (see Materials and Methods). In contrast, the DNA from the normal plaques hybridized to N14 but not to LH1, indicating that they had a wild-type T4 rnh gene resulting from recombination with pVC2001 in the previous host. The T4 rnh(⌬118-305) was subsequently maintained on hosts without a plasmid encoding the wild-type enzyme.
RNase H activity after infection with T4 rnh(⌬118-305). The T4 rnh gene appears to be the only T4 gene encoding a protein with RNase H activity. There was an 11-fold increase in RNase H activity following wild-type T4 infection of E. coli MIC2003 (Table 2) (9). This host has a cat insertion within rnhA (RNase HI) and the polA12 (31) mutation in DNA Pol I, which disrupts the coordination between the polymerase and the 5Ј-to-3Ј exonuclease activities of that enzyme. There was no increase in the level of RNase H activity following infection with the T4 rnh(⌬118-305) mutant (Table 2 ).
E. coli RNase HI and DNA Pol I can partially replace T4 RNase H. A set of isogenic strains with mutations in E. coli RNase H and/or DNA Pol I (Table 1 ) was used to determine whether either of these enzymes could substitute for T4 RNase H ( Table 3 ). The numbers of infective centers were similar in each of the hosts. In the wild-type host (MIC1001), the T4 with a deletion in rnh had a phage yield of 47% of that of wild-type T4D, indicating that significant phage replication can occur in the absence of this phage enzyme. The phage production of the mutant was only 10% of that of the wild type in the host defective in RNase HI (MIC1020), and there were no measurable progeny after infection of the hosts (MIC1036 and MIC1044) with the polA12 mutation. Plasmid-encoded T4 RNase H restores phage production in the polA12 host. We compared the phage yields of wild-type T4 and T4 rnh(⌬118-305) in a nonpermissive host, E. coli MIC2003 (rnhA339::cat polA12) containing pGP1-2, a plasmid that contains the gene for T7 RNA polymerase under the temperature-controlled lambda P L promoter (30) , and/or pVC2001 (wild-type T4 rnh under the control of the T7 promoter), pLH1001 [rnh(⌬118-305)], or pVex11 (vector) ( Table  4 ). The temperature was raised to 43ЊC 15 min before infection to inactivate the CI857 repressor of the P L promoter and to disrupt the temperature-sensitive PolA12 enzyme (see Materials and Methods). In the hosts with the pGP1-2 plasmid encoding T7 RNA polymerase, the production of T4 rnh(⌬118-305) phage was restored to 38% of that of wild-type T4 by the plasmid encoding wild-type T4 RNase H but was not restored by a plasmid encoding the truncated protein or by the vector (Table 4 ). The level of synthesis of wild-type T4 RNase H from pVC2001 was too low to support replication of the deletion in T4 rnh if there was no plasmid encoding T7 RNA polymerase (Table 4) .
Short nascent DNA fragments accumulate after infection with T4 rnh(⌬118-305). Although very little phage was produced when the T4 rnh(⌬118-305) infected a polA12 host, DNA synthesis continued at a rate of about 50% of that of wild-type T4, even in the absence of active E. coli RNase HI (Fig. 2C and D) . Figure 2A and B shows that T4 rnh(⌬118-305) synthesized 88 and 87% of the total DNA of wild-type phage in the wild-type and rnhA339::cat hosts, respectively. The finding that mutant phage production was decreased to a much greater extent than total DNA synthesis suggests that much of this DNA was abnormal.
If adjoining lagging strand fragments cannot be ligated when primer removal is compromised by the absence of T4 RNase H, short DNA fragments should accumulate. Figure 3 compares the sizes of the wild-type T4 and rnh(⌬118-305) DNA, labelled by a 30-s pulse of [ 3 H]thymidine 15 min after infection. The labelling procedure (see Materials and Methods) was adapted from reference 25. The size of the DNA was determined by electrophoresis on an alkaline agarose gel. The top panel shows the DNA after infection of the wild-type host. Both the wild-type and mutant phage were able to generate long DNA strands, characteristic of completed leading-and lagging-strand replication. There was a small amount of DNA of the size of unligated Okazaki fragments (about 2 kb) (15) present after infection with each phage. The bottom panel shows very different results with MIC2003, which has both the polA12 and the rnhA339::cat mutations. Infection by wild-type T4 produced mainly large DNA pieces, as before, but T4 rnh(⌬118-305) produced DNA that was almost all shorter than 23 kb. There was a significant peak of [ 3 H]thymidine-labelled DNA in the T4 rnh(⌬118-305)-infected cells that was about 2 kb. As considered in Discussion, this short DNA may have arisen from unrepaired DNA, as well as from unligated lagging-strand fragments.
Mutation frequency is increased by the T4 rnh(⌬118-305) mutation. The plaques formed by the T4 rnh(⌬118-305) mutant were both smaller (see above) and more heterogeneous than those of wild-type T4, raising the possibility that the absence of T4 RNase H decreased replication accuracy and increased the frequency of unlinked mutations. This was tested directly by measuring the frequency of acriflavin-resistant phage in many single plaques from the wild-type and rnh(⌬118-305) phage (Table 5) . Acriflavin mutations arose 10 times more frequently with the T4 rnh(⌬118-305) mutant. This mutation frequency was significantly higher than that of the wild type but lower than that of the exonuclease-defective mutant of T4 DNA polymerase (in which D at position 219 was replaced with A [D219A]), which we had previously shown increased mutation frequency several hundred-fold (2).
DISCUSSION
An enzyme able to remove the RNA primers used to initiate discontinuous lagging-strand fragments is essential for DNA replication. In E. coli this function is performed mainly by the 5Ј-to-3Ј nuclease domain of DNA Pol I, with some contribution by RNase HI (reviewed in reference 13). T4 phage encodes an RNase H that is a 5Ј-to-3Ј nuclease on both RNA-DNA and DNA-DNA hybrids. This enzyme has significant amino acid sequence similarity to the N-terminal 5Ј-to-3Ј nuclease domain of Pol I and to the RAD2 family of eukaryotic nucleases (9, 19) . In this paper we have shown that either the T4-encoded RNase H or E. coli Pol I is necessary for phage replication.
T4 RNase H is sufficient to sustain the high rate of T4 DNA Since T4 RNase H is a 5Ј-to-3Ј nuclease on both RNA-DNA and DNA-DNA duplexes, it can remove the RNA primers as well as adjoining DNA from the ends of the Okazaki fragments. These dual activities are also catalyzed by other 5Ј nucleases that process lagging-strand fragments, such as T7 exo 6 (28), E. coli Pol I (13), and eukaryotic FEN1 (MF-1) (10, 33) . We have recently shown (20) that a significant amount of DNA is hydrolyzed along with the RNA primers when T4 RNase H is added to the T4 multienzyme replication system in vitro. It is possible that DNA polymerases make more errors during the initial elongation of the primers than in subsequent replication, so that replication accuracy would be improved by removing, and then replacing, the first DNA added to the RNA primers. The increased mutation frequency, which we have observed in the absence of T4 RNase H, is consistent with this hypothesis or with a defect in repairing DNA damage.
Our finding that replication is faster and more accurate with T4 RNase H than with the host enzymes suggests that there may be better coordination between T4 RNase H and the rest of the T4-encoded replication complex. The rate of DNA synthesis by the T4 replication complex in vitro is increased by addition of T4 RNase H and DNA ligase (22) . T4 RNase H activity in vitro is stimulated by T4 gene 32 protein and by the polymerase accessory proteins (8) . We are currently making mutants in T4 RNase H, based on the recent crystal structure (19) , to determine the residues in this protein required for its RNase H and DNase activities and for its interactions with the other T4 replication proteins. 
